Some primers occasionally fail to amplify Wolbachia DNA by a standard PCR from spider mites. In cross experiments, it is often necessary to detect Wolbachia from single individuals. Thus, six pairs of PCR primers were evaluated for their sensitivity in detecting Wolbachia in three spider mites, Panonychus mori Yokoyama, Oligonychus gotohi Ehara and Tetranychus kanzawai Kishida. Pure 100% infected populations of these three spider mites were prepared, and female adults from the infected lines at day five were examined for Wolbachia detection using the following PCR primer pairs: wsp, 16S, ftsZ(Bf-Br), ftsZ(f1-r1), ftsZ(Adf-Adr) and ftsZ(Z1-Z2). The wsp primer pair was the most sensitive: it detected the Wolbachia even from a 1/1,000 DNA solution of P. mori with a 47.0% success rate. The 16S primer pair was the second most sensitive. The primer pair ftsZ(Bf-Br) was less sensitive. They were followed by ftsZ(Z1-Z2) and ftsZ(f1-r1) in sensitivity. Thus, the wsp and 16S primer pairs are most suitable for detecting Wolbachia in spider mites, and it is desirable to use these two primer pairs simultaneously for amplifying Wolbachia DNA from single individuals.
INTRODUCTION
Intracellular bacteria of the genus Wolbachia in the family Rickettsiaceae are known to infect a wide variety of arthropods. The genus includes three described species, W. pipientis, W. persica and W. melophagi (O'Neill et al., 1997b) . The type species W. pipientis is a fastidious obligate intracellular organism, causing reproductive alterations including cytoplasmic incompatibility, parthenogenesis, feminization and male killing in its arthropod hosts (O'Neill et al., 1997a; Stouthamer et al., 1999) .
At least 16% of neotropic insects are infected with Wolbachia (Werren et al., 1995a) . Surveys have also shown that, in addition to insects, Wolbachia are common in mites (Breeuwer and Jacobs, 1996) , terrestrial isopods (Bouchon et al., 1998) and filarial nematodes (Bandi et al., 1998) . A phylogenetic analysis of Wolbachia DNA sequences suggests that the clade containing Wolbachia is divided into four groups (A-D). Groups A and B contain the Wolbachia variants infecting the insect, mite, and crustacean (Werren et al., 1995b; Oh et al., 2000) , whereas groups C and D harbor the filarial nematode Wolbachia (Bandi et al., 1998) . Recently, group E has been reported from the springtail Folsomia candida (Vandekerckhove et al., 1999) and group F from termites (Lo et al., 2002) .
When we used different ftsZ primers to amplify Wolbachia DNA by a standard PCR method from spider mites, the assays occasionally failed to detect Wolbachia DNA and false negative results were produced. To reduce false negatives in phytoseiid mites, Johanowicz and Hoy (1998) attempted to pool the DNA from five mites and increase the amount of Wolbachia DNA. In crossing experiments, however, it is necessary to detect Wolbachia from single individuals. This prompted us to evaluate the efficiency of primers in detecting Wolbachia in spider mites. This study aims at evaluating different primers for amplifying Wolbachia DNA from B-Wolbachia group and clarifying more sensitive primers for detecting Wolbachia in spider mites. Yokoyama was  collected from Toyama City (36°40ЈN-137°08ЈE) , Toyama Prefecture, Japan in 1993 (Gotoh et al., 1998) , and maintained continuously on leaf discs of the mulberry (Morus bombycis Koidz.) placed on a water-saturated polyurethane mat in a Petri dish (9 cm diam.). Oligonychus gotohi Ehara, which was collected from Pasania edulis Makino at Futtsu City (35°18ЈN-139°47ЈE), Chiba Prefecture, Japan in 2000, was maintained on leaf discs of the same host. The Kanzawa spider mite, Tetranychus kanzawai Kishida, was originally collected from tea plants (Camellia sinensis L.) in the Haibara area (34°46ЈN-138°13ЈE), Shizuoka Prefecture, Japan, in 1999. Since then, it has been reared on detached leaves of the kidney bean (Phaseolus vulgaris L.) in the laboratory. All were reared under a controlled environment (25°C, 60-70% R.H., 16L-8D).
MATERIALS AND METHODS

Mite species. Panonychus mori
The P. mori Toyama population and the O. gotohi Futtsu population were infected with Wolbachia at a frequency of 100% and showed cytoplasmic incompatibility (CI) (unpublished data). The CI was not observed in the T. kanzawai Haibara population. The infection rate of T. kanzawai was 63% (Hong et al., 2002) . These three species harbor different strains of the B-group Wolbachia based on wsp sequences (unpublished data).
Preparation of pure-infected lines.
Nearly one hundred percent infected lines were established for testing the sensitivity of primers in detecting Wolbachia. One female from the teleiochrysalis stage was introduced into a leaf disc, and the eggs laid by the virgin female were reared until adults (males). The resultant male adult was then used to backcross with the mother female. After laying eggs, the females were examined for infection of Wolbachia by using wsp, 16S and ftsZ(Bf-Br) primer pairs. Offspring whose mother was positive for Wolbachia with all primers were selected for establishing pure-infected lines. The above process was repeated for three generations.
DNA extraction and PCR amplification. DNA template was prepared by homogenizing a single female adult in a 25 ml mixture of STE buffer (100 mM NaCl, 10 mM Tris-HCl, 1 mM EDTA, pH 8.0) and proteinase K (10 mg/ml, 2 ml) in a 1.5-ml Eppendorf tube. The mixture was incubated at 37°C for 30 min and later at 95°C for 5 min.
All PCR reactions were performed in 26.25 ml of buffer: 16 ml H 2 O, 2.5 ml 10ϫbuffer, 1.5 ml dNTP (143 mM each), 0.25 ml Taq DNA polymerase (1.25 U, TAKARA Taq, Tokyo), 2 ml sample, and 2 ml of primers (20 pmol each). The primer pairs used in this study were wsp, 16S, ftsZ(Bf-Br), ftsZ(f1-r1), ftsZ(Adf-Adr) and ftsZ(Z1-Z2) ( Table 1) Johanowicz and Hoy (1996) and Gomi et al. (1997) . Primer sensitivity for detecting Wolbachia from spider mites. One hundred female adults at day five after emergence (ten replicates, 10 individuals each) were individually examined in P. mori and T. kanzawai. For O. gotohi, 40 five-day-old female adults (four replicates, 10 individuals each) were used for comparing primer reactions. D. simulans, which harbors an A-group Wolbachia, was used as the control (one female individual in each replicate). An original DNA template solution from one individual was successively diluted ten fold with STE buffer, and 1/10, 1/100, 1/1,000 solutions were examined for Wolbachia detection.
RESULTS
At the original DNA concentration of P. mori, three pairs of primers, wsp, 16S and ftsZ(Bf-Br), detected Wolbachia in all individuals. The primer pairs, ftsZ(f1-r1) and ftsZ(Z1-Z2), however, failed to detect Wolbachia in some individuals (Table 2) . Similar results were obtained from T. kanzawai: no significant difference was found among wsp, 16S and ftsZ(Bf-Br) primers, which amplified the genes in all samples tested, nor between ftsZ(f1-r1) and ftsZ(Z1-Z2). However, there was a significant difference between [wsp, 16S, ftsZ(Bf-Br)] and [ftsZ(f1-r1), ftsZ(Z1-Z2)]; the latter reactions produced fewer positive results (Table 2 ). In O. gotohi, detection rates of Wolbachia by ftsZ(f1-r1) and ftsZ(Z1-Z2) were much higher than those in P. mori and T. kanzawai. Thus, all the samples showed positive results using wsp, 16S and ftsZ(Bf-Br) primers. No positive reactions were found when using the primer pair ftsZ(Adf-Adr). The results clearly reflected that all Wolbachia in the three mite species belong to the B-group. The primers ftsZ(f1-r1) and ftsZ(Z1-Z2) were not as stable as wsp, 16S and ftsZ(Bf-Br) in detecting B-group Wolbachia from the spider mites. The controls (D. simulans) showed 100% positive results in five primers and 0% in ftsZ(Bf-Br) ( Table 2 ).
In P. mori and T. kanzawai, when the original DNA solutions were diluted 10 fold, three primers (wsp, 16S and ftsZ(Bf-Br)) still had 100% reac- tions, but there was no reaction from ftsZ(f1-r1) and ftsZ(Z1-Z2) ( Table 2 ). In O. gotohi, however, ftsZ(f1-r1) and ftsZ(Z1-Z2) still detected Wolbachia in 8% and 98% of individuals, respectively. The controls (D. simulans) continued to produce 100% reactions in all primers except ftsZ(Bf-Br) which is specific for the B-group Wolbachia (Table 2) . At the 1/100 DNA concentration solutions, three primer pairs, wsp, 16S and ftsZ (Bf-Br) , began to lose their ability to detect Wolbachia. Specifically, ftsZ(Bf-Br) did not amplify any DNA products in O. gotohi and T. kanzawai. The controls were still 100% for each primer pair (Table 2) .
At a concentration of 1/1,000, both wsp and 16S showed reactions in P. mori, while in O. gotohi, no reactions were found from any of the primers. Only the wsp primer reacted in T. kanzawai, reaching 81% positivity, and the other primers produced no reaction. The controls still produced positive reactions from four primers (wsp, 16S, ftsZ(Z1-Z2), ftsZ(Adf-Adr)) ( Table 2) .
DISCUSSION
The present study showed that the primer pairs wsp, 16S and ftsZ(Bf-Br) were effective in detecting B-group Wolbachia in spider mites. The wsp was the most sensitive primer set because it always had the highest positive reaction rate in all three spider mites at any concentration. The 16S primers had the second highest reaction in the three spider mites with the exception of O. gotohi at the concentration of 1/100, whose second highest reaction was with ftsZ(Z1-Z2). The primers ftsZ(f1-r1) and ftsZ(Z1-Z2) were not as sensitive as wsp and 16S in detecting trace amounts of Wolbachia. The primer pairs ftsZ(Adf-Adr) were only effective in detecting the A-group Wolbachia as previously shown by Werren et al. (1995b) . Thus, the wsp and 16S primers are superior to ftsZ primers for detecting Wolbachia in spider mites and it is desirable to use the former two primer pairs simultaneously for amplifying Wolbachia DNA from single individuals of tiny mites.
The body size of spider mites is significantly smaller than that of insects, and as a result the template of spider mites appears to contain relatively small amounts of Wolbachia. This may partly explain why false negative results have been frequently obtained in spider mites, as suggested by Jeyaprakash and Hoy (2000) . They also point out the factors that potentially cause the failure to amplify Wolbachia DNA such as prolonged denaturation that cause breakage of the DNA template, low buffer pH (8.0) that affects DNA stabilization, error-prone Taq that affects PCR performance, and failure of females to transmit Wolbachia to all progeny. To avoid this last factor, we used pure-infected lines of three spider mites. We have demonstrated that the Wolbachia in P. mori and T. kanzawai are vertically transmitted in a highly efficient way, in which 100% of progeny are infected over several generations (Hong et al., 2002) .
Previous research on mites using ftsZ, 16S or wsp did not clearly indicate false negative results (Breeuwer and Jacobs, 1996; Johanowicz and Hoy, 1996; Tsagkarakou et al., 1996; Breeuwer, 1997; Gomi et al., 1997; Perrot-Minnot and Norton, 1997; Johanowicz and Hoy, 1998; Gotoh et al., 1999a, b; Opijnen and Breeuwer, 1999) . Repeated PCR reactions from negative template samples using the same primer sets sometimes showed positive results, in particular for the ftsZ(f1-r1) and ftsZ(Z1-Z2) primers. Our sensitivity comparison of six primers suggests that the Wolbachia infection in mites may be under-estimated or misdiagnosed when a small number of individuals are tested. In addition, primers are designed based on the nucleotide sequences of the genes from A and B group Wolbachia, which seem to fail to detect another group of Wolbachia, as suggested by Lo et al. (2002) . Diagnostic PCR for Wolbachia still requires careful examination of the most efficient PCR conditions for the tiny mites.
